1. Introduction {#sec1}
===============

Nanocomposite hydrogels are three-dimensional (3D) polymeric network embedded with nanoparticles or nanostructures, which help reinforce the hydrogel structure and provide desirable bioactive functions. In the past few decades, nanocomposite hydrogels have experienced unprecedented development in various fields of biomedical engineering, including drug delivery \[[@bib1], [@bib2], [@bib3]\], wound healing \[[@bib4], [@bib5], [@bib6], [@bib7]\], osteogenesis \[[@bib8], [@bib9], [@bib10], [@bib11]\], biosensors \[[@bib12],[@bib13]\]. In nanocomposite hydrogels, the nanoparticles or nanostructures are embedded in the hydrogel network by either covalent bonds \[[@bib14], [@bib15], [@bib16], [@bib17]\] or noncovalent bonds including meta--ligand coordination bonds \[[@bib18], [@bib19], [@bib20], [@bib21]\], hydrogen bonds \[[@bib22],[@bib23]\], van der Waals interactions \[[@bib24]\] and electrostatic interactions \[[@bib25],[@bib26]\]. Great advances have been made in the development of nanocomposite hydrogels. However, the comprehensive understanding on the fundamental principles and biomedical applications of BP-based nanocomposite hydrogels remains to be further explored. In this review, we focus on the fabrication, characterization and biomedical applications of BP-based nanocomposite hydrogels.

BPs are primary agents for the treatment of various bone diseases. The varieties of substituting side chain on the central carbon atom lead to the structural diversities of BPs. Due to the pair of phosphate groups, BPs possess the capacity of binding metal ions *via* coordination bonds, thereby forming self-assembled nanoparticles and nanostructures. These nanoparticles and nanostructures lay the structural basis of BP-based nanocomposite hydrogels. Meanwhile, BPs are important bioactive molecules with the anti-bone resorption and anti-tumor activities for clinical treatments. Moreover, many metal ions participate in various biological activities in human body. For example, magnesium ion (Mg^2+^) is required in the integrin binding and cell attachment and can therefore regulate the phenotypic polarization of macrophages \[[@bib27], [@bib28], [@bib29]\]. Mg^2+^ ion is reported to induce the alternative polarization (M2) of host macrophages to modulate host responses to the biomedical implants \[[@bib30],[@bib31]\]. Therefore, BP-based nanocomposite hydrogels have the potential to immunomodulate the recruited immune cells, which are important to the success of biomedical implants. Through metal--ligand coordination bonds, self-assembled bioactive BP-based NPs are tightly embedded into hydrogel networks. Based on the different methods of incorporating BP NPs into hydrogel network, BP-based nanocomposite hydrogels can be divided into two categories, for the *ex-situ* one, the NPs are pre-fabricated and then embedded into the hydrogel networks, whereas for the *in-situ* one, the NPs are formed and embedded into hydrogel networks during the gelation process. Furthermore, BP-based nanocomposite hydrogels have desirable properties, including tunable mechanical properties, self-healing, injectability, and stimuli-responsive release of loaded cargo molecules. Because of the excellent properties, BP-based nanocomposite hydrogels have been applied in various biomedical fields, including drug delivery, tissue regeneration, wound healing, and bioprinting.

We hope this review can help introduce the basic principles and attractive properties of BP-based nanocomposite hydrogels to researchers from different field so as to further expand the applications of BP-based nanocomposite hydrogels.

2. Introduction of bisphosphonates {#sec2}
==================================

2.1. Varieties of bisphosphonates {#sec2.1}
---------------------------------

BPs are a family of chemicals used for treating bone diseases and have experienced significant development in recent years. About 30 years ago, Fleisch et al. found that pyrophosphate in plasma and urine has an inhibiting effect on ectopic calcification \[[@bib32]\]. However, pyrophosphate is ineffective in oral administration and is rapidly deactivated by enzymatic hydrolysis after injection \[[@bib33]\]. It was later found that replacing the P--O--P group in the pyrophosphate structure with the P--C--P group can increase the stability of the obtained derivative, which was designated as BP, against hydrolysis and change its biological properties and toxicity ([Fig. 1](#fig1){ref-type="fig"}A) \[[@bib34]\]. Compared with pyrophosphate, BPs have the characteristic nonhydrolyzable carbon \[[@bib35]\]. The two unique side chains surrounding the nonhydrolyzable carbon are the R~1~ and R~2~ groups \[[@bib36]\]. The R~1~ side chain is related to the bone affinity, which is significantly enhanced when the R~1~ side chain is a hydroxyl group. The R~2~ side chain determines the anti-bone resorption activity of BPs \[[@bib37]\]. Based on the diversities of the two side chains, the structures of BPs vary widely, and they experience three generations of development. The first generation of BPs includes those without nitrogen, which include etidronate, clodronate, and tiludronate ([Fig. 1](#fig1){ref-type="fig"}B). The second generation of BPs includes functional groups with nitrogen, including pamidronate, alendronate, and ibandronate ([Fig. 1](#fig1){ref-type="fig"}C). The third generation of BPs possesses the nitrogen-containing heterocyclic structures, including risedronate and zoledronate ([Fig. 1](#fig1){ref-type="fig"}D).Fig. 1The structures of the three generations of BPs. (A) The general structure of pyrophosphate and BPs. (B) The first generation of BPs without nitrogen-containing side chains. (C) The second generation of BPs with the nitrogen-containing functional groups. (D) The third generation of BPs possessing the nitrogen-containing heterocyclic structures.Fig. 1

2.2. Chemical properties of bisphosphonates {#sec2.2}
-------------------------------------------

Coordination bonds are a special type of covalent bond that require one atom (A) of the two bonding atoms to have a lone pair of electrons, and the other atom (B) has an "empty orbit" to accept the lone pair of electrons \[[@bib38]\]. Atom A is called a ligand, while atom B is called a central atom or ion. In BP structures, there are two characteristic phosphonate groups bound to the center carbon that provide lone pairs of electrons. Recently, Zhang et al. reported a practical approach to prepare bisphosphonate--metal (BP--Metal) nanoparticles (NPs). Pamidronate can coordinate with various divalent cations of alkaline earth metals and some transition metals in the fourth period \[[@bib39]\]. The sizes of self-assembled BP--Metal NPs are listed in [Table 1](#tbl1){ref-type="table"}. Moreover, the similar structures between pyrophosphates and BPs result in their similar coordination constants to various ions. The coordination constants between pyrophosphates and metal ions, which can be used as the reference for estimating those of BPs, are given in [Table 2](#tbl2){ref-type="table"}.Table 1Size and polydispersity index (PDI) of the pamidronate--metal nanoparticles (NPs) \[[@bib39]\].Table 1Metalsize (nm)PDI**Mg**^**2+**^235 ± 331.06**Ca**^**2+**^300 ± 701.17**Sr**^**2+**^400 ± 821.12**Ba**^**2+**^431 ± 1001.16**Mn**^**2+**^374 ± 751.18**Fe**^**2+**^361 ± 791.12**Co**^**2+**^180 ± 261.06**Ni**^**2+**^326 ± 711.13Table 2Radius of metal ions and coordination constants with pyrophosphate (an analog of BP) \[[@bib39]\].Table 2MetalRadii (pm)lgβ**Mg**^**2+**^655.7**Ca**^**2+**^995.0**Sr**^**2+**^1134.9**Ba**^**2+**^1354.6**Mn**^**2+**^804.6**Fe**^**2+**^764.7**Co**^**2+**^746.1**Ni**^**2+**^727.4

BPs can be dissociated from the coordinated ions under external stimuli. The first order dissociation constant of BP (pKa~1~) is near 1, indicating the strong BP acidity \[[@bib40]\]. For nitrogen--containing BPs, the amino groups provide additional protonation sites while also increasing the acidity of phosphate groups \[[@bib41]\]. According to Hard--Soft--Acid--Base theory, hard acids have a strong affinity towards hard bases, while soft acids have a strong affinity towards soft bases. The BPs are hard bases, and metal ions are hard acids. In acidic solutions, the hydrogen ions are much harder than metal ions, which can compete with metal ions and sequester them out of BP--Metal NP s, thereby breaking the coordinination bonds between the BPs and metal ions. Moreover, the strong chelating power of ethylenediaminetetraacetic acid (EDTA) breaks the coordination bonds between the BPs and metal ions after incubation with the 1 × 10^−3^ M of EDTA solution.

2.3. Bioactivities of bisphosphonates and their molecular mechanism {#sec2.3}
-------------------------------------------------------------------

### 2.3.1. Anti-bone resorption activity and mechanism {#sec2.3.1}

BP has been recognized as one of the most effective bone resorption inhibitors. When BPs bind to bone hydroxyapatite, the two-step process of hydroxyapatite dissolution into "amorphous" calcium phosphate, which then transforms into hydroxyapatite, is inhibited \[[@bib42]\]. The mechanism of anti-bone resorption activities has been investigated at different levels. At the cellular level, BPs directly change the morphology of osteoclasts, prevent osteoclast maturation, and inhibit the functions of osteoclasts \[[@bib43]\]. BPs can be adsorbed to the mineral binding sites of osteoclasts and interfere with the attachment of osteoclasts to the mineralized bone tissue, and this leads to changes in osteoclasts ultrastructure \[[@bib44]\].

At the biochemical level, the first generation of BPs (non-nitrogen) can be turned into the analogs of adenosine triphosphate (ATP), which is internalized by the osteoclasts \[[@bib45]\]. Due to the non-hydrolysable carbon of the BPs, the analogs of ATP are not easily metabolized within cells \[[@bib46]\]. The accumulation of BP-derived ATP analogs inhibits mitochondrial ADP/ATP translocase, thereby triggering osteoclastic apoptosis \[[@bib47]\]. Unlike the first generation of BPs, the second and third generations (nitrogen-containing) inactivate the farnesyl pyrophosphate synthase (FPPS), which is a crucial enzyme in the mevalonate pathway that regulates the synthesis of cholesterol, isoprenoid lipids, and other sterols \[[@bib48],[@bib49]\]. The production of isoprenoid, such as farnesyl pyrophosphate (FFP) and geranylgeranyl pyrophosphate (GGPP), is essential for posttranslational modifications of the signaling proteins, including Ras, Rho, and Rac \[[@bib50], [@bib51], [@bib52], [@bib53], [@bib54]\]. The lack of these key signaling proteins leads to a loss of bone resorption activity and osteoclastic apoptosis.

### 2.3.2. Anti-tumor activity and mechanism {#sec2.3.2}

Besides the anti-bone resorption activity, BPs can also directly inhibit tumor cell migration and proliferation by inducing cell apoptosis \[[@bib55]\]. Furthermore, bone contains abundant growth factors, including insulin-like and transforming growth factors, which are necessary for tumor cell growth and can be released from bone during bone resorption. After inhibiting bone resorption, the release of cancer-related growth factors is impeded \[[@bib56]\]. In addition, BPs can exert anti-tumor activities by inhibiting the recruitment of tumor-associated macrophages (TAMs) to tumors, tumor-associated angiogenesis, and tumor-self seeding and by stimulating γ, δ-T cell cytotoxicity \[[@bib57], [@bib58], [@bib59]\].

2.4. Clinical applications {#sec2.4}
--------------------------

The root cause of osteoporosis is the abnormal metabolism of bone caused by several factors (old age, disease, medicine, etc.), which reduces bone mass over the whole body, abnormally changes bone microstructure, and increases bone brittleness. Inhibiting bone absorption and promoting bone formation are the basic principles to treat osteoporosis \[[@bib60]\]. Etidronate inhibits abnormal calcification and excessive bone absorption in the human body and reduces the bone conversion rate, thereby increasing bone density \[[@bib61]\]. The second and third generations of BPs (nitrogen-containing) have also been utilized to treat osteoporosis. Alendronate is the primary drug to treat osteoporosis in postmenopausal women. It can effectively prevent and reduce the risks of subsequent spinal, non-spinal, hip, and wrist fractures \[[@bib62]\]. Risedronate can effectively reduce the risks of vertebral, non-vertebral, and hip fractures in postmenopausal women \[[@bib63]\].

Bone metastasis is a disease caused by relocation of primary malignant tumor cells from other tissues to bone \[[@bib64]\]. Prostate, breast, lung, kidney, rectal, pancreatic, gastric, colon, and ovarian cancers are the most common malignant tumors accompanied by bone metastasis \[[@bib65]\]. When tumor cells reach bone marrow via blood flow, tumor cells can destroy bone tissue interacting with osteoblasts, osteoclasts, and bone matrix cells, release a variety of growth factors stored in bone tissue, and make tumor cells proliferate and form metastasis \[[@bib66]\].

3. BP-based nanocomposite hydrogels {#sec3}
===================================

3.1. Design and characterization of BP-based nanocomposite hydrogels {#sec3.1}
--------------------------------------------------------------------

Metal--ligand coordination is widely used to prepare macromolecular hydrogels \[[@bib67]\], where the metallic core can be either metal ions or inorganic nanoparticles (NPs). Among the various coordinating ligands, BPs are ideal candidates to prepare biomedical hydrogels due to their high affinity to various metal ions \[[@bib68], [@bib69], [@bib70]\], excellent biocompatibility and bioactivity \[[@bib71], [@bib72], [@bib73]\], and strong stability under physiological environments \[[@bib39]\]. BPs can be introduced into the polymeric hydrogel network by co-polymerization or conjugation onto the polymer backbone. The BP-grafted polymers can be directly crosslinked by various metal ions, and the obtained hydrogels also exhibit highly dynamic properties due to the reversible nature of metal--ligand coordination bond \[[@bib74], [@bib75], [@bib76]\]. However, the doping of either *ex-situ* or *in-situ* NPs can further stabilize hydrogel network and endow hydrogels with more unique properties. This review focus on the design and characterization of BP-based nanocomposite hydrogels.

### 3.1.1. Synthesis of BP-grafted polymers {#sec3.1.1}

BPs have been conjugated to various biocompatible polymers, including bioinert poly (ethylene glycol) (PEG) and bioactive hyaluronate (HA). Lopez-Perez et al. reported the conjugation of BPs to the ends of star-shaped PEG \[[@bib74]\], where the number and molecular weight of arms can be easily tuned to evaluate the effects of the macromolecular architecture on hydrogel formation. However, the average modification degree of bisphosphonates is relatively low as the star-shaped PEG only possess 4 or 8 free chain-ends. Shi et al. developed a conjugation strategy based on the thiol-ene reaction \[[@bib77],[@bib78]\], where the BP moieties are conjugated to the polymer backbone via photo-initiator and ultraviolet (UV) light to result in a brush-like and multivalent HA-BP polymer. Our own group adopted a mild conjugation strategy based on the Michael-type addition reaction to attach the BP moieties to the polymer backbone. The Michael-type addition reaction can be performed in a phosphate buffer (PB) at a pH of 8.0 without any additional treatment, yielding an BP-grafted polymer (HA-BP) with one BP moiety conjugated to each methacryloyl group on the polymer backbone \[[@bib79]\].

### 3.1.2. Preparation of BP-based nanocomposite hydrogels {#sec3.1.2}

Nanocomposite hydrogels consist of a hydrated polymeric network embedded with functional NPs or nanostructures. The integration of various nanostructures can enhance the mechanical properties and supply various bioactive factors \[[@bib80]\]. In general, embedded NPs or nanostructures can be formed either *ex-situ* or *in-situ*. The hydrogels embedded with *ex-situ* NPs can be prepared by simply mixing the HA-BP solution and inorganic NPs, and the coordinating ligands are only attached to the surface of the inorganic NPs ([Fig. 2](#fig2){ref-type="fig"}A).Fig. 2Schematic illustration for the preparation and nanostructures of BP-based nanocomposite hydrogels. (A) The BP-based nanocomposite hydrogels embedded with *ex-situ* NPs: i) CaP NPs, reproduced with permission from Ref. \[[@bib80]\], copyright 2014, Elsevier, ii) MgSiO~3~ NPs, reproduced with permission from Ref. \[[@bib77]\], copyright 2016, Royal Society of Chemistry, iii) Fe~3~O~4~ NPs, reproduced with permission from Ref. \[[@bib81]\], copyright 2019, American Chemistry Society. (B) The BP-based nanocomposite hydrogels embedded with *in-situ* NPs formed *via* self-assembly during the gelation process. Reproduced with permission from Ref. \[[@bib39]\], copyright 2019, John Wiley and Sons. (C) For hydrogels embedded with *ex-situ* NPs, the grafted-BP moieties attach onto the surface of nanoparticles; for hydrogels embedded with *in-situ* NPs, some of the grafted-BP moieties entrap into the center of nanoparticles. Reproduced with permission from Ref. \[[@bib79]\], copyright 2017, John Wiley and Sons. (D) The linkage between the attached grafted-BP moieties and the BP--Metal NPs is fully reversible, whereas the linkage between the entrapped grafted-BP moieties and the BP--Metal NPs is not reversible and cannot be restored autogenously. Reproduced with permission from Refs. \[[@bib79]\], copyright 2017, John Wiley and Sons.Fig. 2

Nejadnik et al. reported a nanocomposite hydrogel formed using HA-BP and calcium phosphate (CaP) \[[@bib80]\], which displays good self-healing properties and adhesiveness to mineral surfaces. The introduction of BP groups on the polymer backbones significantly enhances the storage modulus of the hydrogels and endows the hydrogels with shear-thinning and self-healing properties. Shi et al. reported nanocomposite hydrogels doped with either magnesium silicate (MgSiO~3~) \[[@bib77]\] or magnetic nanoparticles (Fe~3~O~4~) \[[@bib81]\]. The hydrogels formed by HA-BP and MgSiO~3~ NPs exhibited self-healing and pH-responsive properties. The hydrogels showed the gel-sol-gel transition under alternating shear strains of 1% and 400% and can rapidly self-heal to one piece after cutting. This feature can be attributed to the reversible bonding of grafted-BP on the surface of NPs. The weak bonding can be broken under high shear strain and then recover the initial binding state when the external shear forces are removed, thereby leading to the "gel--sol--gel" transition under alternating high and low shear strain. The *ex-situ* NPs have a higher probability of interacting with each other, thereby resulting in significant potential aggregation and even precipitation. Therefore, the modification degree of the coordinating moieties, the concentrations of polymers and NPs and the mixing methods need to be carefully adjusted to reduce NP aggregation.

Our group developed a series of BP-based nanocomposite hydrogels crosslinked by the BP--Mg NPs self-assembled *in-situ* ([Fig. 2](#fig2){ref-type="fig"}B). Our own work first reported a covalently crosslinked hydrogel stabilized using BP--Mg NPs \[[@bib82]\]. The BP--Mg NPs are formed by simply photopolymerizing the mixture solution containing methacrylated hyaluronic acid (MeHA), acryloyl-modified pamidronate (Ac-BP), and MgCl~2~ solution. The Ac-BP and Mg^2+^ self-assembled into NPs bearing surface acryloyl groups, which functioned as crosslinkers to connect the MeHA network during photo-curing. We then utilized the *in-situ* assembled BP-cation NPs to fabricate supramolecular hydrogels \[[@bib79],[@bib83]\]. The hydrogels are formed by the mixing of HA-BP, Ac-BP, and MgCl~2~, where the coordination between the BPs and Mg^2+^ drives the *in-situ* assembly of BP--Mg^2+^ NPs. The mechanical properties and stability of these hydrogels are much higher than those embedded with *ex-situ* NPs. Furthermore, our own work expanded the types of metal ions to alkaline earth metals and several transition metals \[[@bib39]\]. Based on the different natures of the metal ions, the *in-situ* NPs have different sizes and interaction affinities with the HA-BP polymer backbones, leading to tunable and wide spectrum mechanical properties for such hydrogels.

### 3.1.3. Nanostructures of BP-based nanocomposite hydrogels {#sec3.1.3}

The nanostructures of BP-based nanocomposite hydrogels depend on multiple factors, including the doping of *ex-situ* or *in-situ* NPs, the type of BPs used, ionic radii and other intrinsic properties of metal ions. For the hydrogels embedded with *ex-situ* NPs, the BP moieties grafted on polymers can only form coordination bonds with the NP surfaces ([Fig. 2](#fig2){ref-type="fig"}C) \[[@bib77],[@bib80],[@bib84]\]. Although scanning electron microscopy (SEM) confirmed the *ex-situ* NPs binding to the hydrogel matrix, the weak and unstable coordination bond on the NP surfaces generally results in weak hydrogel mechanical properties. The typical storage modulus of these hydrogels is lower than 1000 Pa, which is less ideal for some biomedical applications, especially where biomechanical loading is significant. Moreover, the BP groups are covalently grafted to the polymers and have limited release to the surrounding environment until the degradation of hydrogel structure.

The BP-based *in-situ* nanocomposite hydrogels possess a polymeric network with densely packed BP--Metal NPs. A portion of the BP moieties grafted on the polymer backbones (grafted-BP) are entrapped in the interior of the *in-situ* self-assembled BP--Metal NPs during the gelation process of these hydrogels ([Fig. 2](#fig2){ref-type="fig"}C) \[[@bib79]\]. The entrapping of grafted-BP inside the *in-situ* NPs not only facilitates the gelation process of hydrogels but also stabilizes the hydrogel network. This enhances the interactions between the BP NPs and the hydrogel polymeric network, thereby enhancing the mechanical properties of the hydrogels. Meanwhile, some of the grafted BPs are weakly attached to the surface of BP NPs, contributing to the dynamic properties of these hydrogels. The existence of two types of connections between the BP moieties and metallic NPs is confirmed by testing the hydrogels with alternating high and low oscillatory shear strain. The storage modulus of the hydrogels can be fully recovered under 1% and 100% alternating shear strain but cannot recover to the initial values after application of 200% shear strain, and this reveals the existence of irreversible and reversible BP--Metal interactions ([Fig. 2](#fig2){ref-type="fig"}D). Moreover, the size and distribution of BP-Metal NPs are related to the ionic radius and other intrinsic properties of metal ions \[[@bib39]\]. With the increasing ionic radius of alkaline earth metals (Mg^2+^, Ca^2+^, Sr^2+^, Ba^2+^), the chance of coordination binding of BPs and metal ions increases gradually, and the size and polydispersity of BP--Metal NPs also increases gradually. For the transition metals (Mn^2+^, Fe^2+^, Co^2+^, Ni^2+^) in the fourth period, the ionic radius of these metal ions is similar. However, the BP-Co NPs have abnormally small size and narrow distribution, which are only half of the values of NPs formed by other transition metal ions \[[@bib39]\]. These phenomena may be attributed to the intrinsic property of metal ions, such as the ability to give away lone pairs.

3.2. Physicochemical properties of BP-based nanocomposite hydrogels {#sec3.2}
-------------------------------------------------------------------

This section focuses on the physical and chemical properties of BP-based nanocomposite hydrogels, which are crosslinked and stabilized from the multifunctional BP--Metal NPs. The inherent dynamic and responsive properties of the coordination bonds endow these hydrogels with unique characteristics, which can be useful for biomedical applications.

### 3.2.1. Tunable mechanical properties {#sec3.2.1}

The mechanical properties of BP-based *ex-situ* nanocomposite hydrogels can be easily tuned by various factors ([Fig. 3](#fig3){ref-type="fig"}A and B), including the concentration of BP-grafted polymers and embedded NPs, the substitution degree of grafted-BP moieties and external environment (salt concentration, pH, etc.) \[[@bib77],[@bib80],[@bib81]\]. Moreover, the mechanical properties are also determined by the strength of interaction between embedded NPs and polymeric network. Therefore, the broad types of embedded NPs also contribute to the tunable mechanical properties of these hydrogels. As for the BP-based *in-situ* nanocomposite hydrogels, the storage modulus and Young\'s modulus of these hydrogels are generally ten times higher than that of traditional nanocomposite hydrogels \[[@bib79]\], while the mechanical properties of these hydrogels can still be easily tuned by adjusting various parameters, including the concentration of bisphosphonates and metal ions \[[@bib79]\], the modification degree of BP moieties onto the polymer backbones \[[@bib79]\], and the type of metal ions \[[@bib39]\]. Especially, the interfacial strength between the fillers and the network is affected by the filler size and the interfacial interactions \[[@bib85],[@bib86]\]. As mentioned in section [1.2](#sec1){ref-type="sec"}, the sizes of the BP--Metal NPs are highly correlated to the ionic radius and other inherent properties of the metal ions. Therefore, the mechanical properties of these hydrogels can be tuned through the carefully selecting the type and dosage of metal ions.Fig. 3Physicochemical properties of BP-based nanocomposite hydrogels. The mechanical properties of BP-based nanocomposite hydrogels can be tuned from the type of (A) alkaline earth metal ions or (B) some of the transition metals in the fourth period. Reproduced with permission from Ref. \[[@bib39]\], copyright 2019, John Wiley and Sons. (C) The excellent shear-thinning properties of BP-based nanocomposite hydrogels. Reproduced with permission from Refs. \[[@bib79]\], copyright 2017, John Wiley and Sons. (D) The excellent self-healing properties of BP-based nanocomposite hydrogels. Reproduced with permission from Ref. \[[@bib80]\], copyright 2014, Elsevier. (E) Stimuli-responsive releasing kinetics of encapsulated drugs by the enzymatic removal of phosphate groups on the pro-drugs (DexP). (F) The capacity of Laponite to bind the bone inducing growth factor, BMP-2, for enhanced localized efficacy in vivo. (G) Stimuli-responsive releasing of encapsulated MSCs after incubation with EDTA solution. Reproduced with permission from Ref. \[[@bib39]\], copyright 2019, John Wiley and Sons.Fig. 3

### 3.2.2. Excellent dynamic properties and injectability {#sec3.2.2}

The dynamic nature of the BP--Metal coordination bonds endows the BP-based nanocomposite hydrogels with excellent shear-thinning and self-healing properties \[[@bib39],[@bib77],[@bib79], [@bib80], [@bib81],[@bib83]\]. The hydrogels exhibit significant shear-thinning behaviors and show "gel--sol--gel" transitions under alternating high and low shear strains, which is attributed to the reversible bonding of the grafted-BP on the surface of NPs ([Fig. 3](#fig3){ref-type="fig"}C). Meanwhile, the storage modulus for these hydrogels can recover to nearly 100% of the initial values after cycles of the "gel--sol--gel" transition. The self-healing properties of these hydrogels are further revealed from the rapid re-integration of hydrogels after cutting within several minutes ([Fig. 3](#fig3){ref-type="fig"}D). Furthermore, the excellent shear-thinning and self-healing properties contribute to the rapid adaption of the injected hydrogels to irregular molds \[[@bib39],[@bib79]\]. Our own work further demonstrated the dynamic diffusion of metal ions inside the hydrogels by stacked HA-BP--Co and HA-BP--Ni hydrogels as evidenced by the increasingly blurred boundaries between the top and bottom hydrogel layers with time \[[@bib39]\].

### 3.2.3. Biocompatibility and controlled release of various cargos {#sec3.2.3}

The embedded NPs and polymeric network in BP-based nanocomposite hydrogels show low cytotoxicity to encapsulated cells. This ensures the BP-based nanocomposite hydrogels as a desirable 3D cell culture system \[[@bib39],[@bib79]\], where the majority of encapsulated MSCs remain viable after up to 14 days of cell culture. The embedded NPs enable easy encapsulation of bioactive drugs or pro-drugs inside the hydrogel network. Shi et al. reported a BP-based nanocomposite hydrogel doped with the porous and hollow-like structure of MgSiO~3~ NPs loaded with anti-cancer drug (doxorubicin), which release the encapsulated doxorubicin under acidic tumor microenvironment \[[@bib77]\]. Zhang et al. reported a bioactive BP-based nanocomposite hydrogel exhibiting regeneration-specific release of encapsulated dexamethasone *via* positive feedback ([Fig. 3](#fig3){ref-type="fig"}E) \[[@bib83]\]. The enzyme-associated removal of phosphate groups for pro-drugs significantly expedites the release due to a lack of interactions between the dephosphorylated drugs and the BP--Metal NPs. Kim et al. developed a self-assembling hydrogel based on the interaction between bisphosphonate and positively charged Laponite nanoclays, and the obtained hydrogel mediates sustained release of either positively or negatively charged model proteins by the unique charge distribution of Laponite (negative surface charge and positive edge charge) ([Fig. 3](#fig3){ref-type="fig"}F) \[[@bib87]\]. Moreover, the encapsulated MSCs can also be released from the hydrogels and remain viable upon the incubation with ethylenediaminetetraacetic acid (EDTA) \[[@bib39]\], which is a chelating agent that can compete with metal ions inside the BP--Metal NPs. The hydrogels undergo a gel--sol transition after incubation with 1 × 10^−3^ M of EDTA for 1 h and completely release the encapsulated MSCs ([Fig. 3](#fig3){ref-type="fig"}G). Most of the released MSCs can adhere to the cell culture dish and show normal spreading morphologies.

4. Biomedical applications of BP-based nanocomposite hydrogels {#sec4}
==============================================================

As introduced in section [2.2](#sec2.2){ref-type="sec"}, the BP-based nanocomposite hydrogels stabilized by the dynamic BP--Metal coordination have excellent physiochemical properties, such as self-healing, injectability, biocompatibility, and stimuli-responsiveness. The unique highly tunable and stimuli-responsive properties of metal--ligand coordination endows the BP-based hydrogels with both affinity-mediated and biomarker-triggered drug delivery for biomedical applications, especially tissue regeneration, which cannot be easily achieved by other supramolecular interactions, such as hydrogen bond and electrostatic interactions \[[@bib88]\]. Moreover, the metal--ligand coordination-based hydrogels can serve as highly tunable platforms to customize patient-specific drug dosage and drug combination, thereby enhancing the therapeutic outcomes \[[@bib89]\]. These merits make the BP-based nanocomposite hydrogels highly effective biomaterials for a wide array of biomedical applications including drug delivery and tissue regeneration ([Fig. 4](#fig4){ref-type="fig"}). We summarized the functions and biomedical applications of representative BP-based nanocomposite hydrogels to provide a comprehensive overview ([Table 3](#tbl3){ref-type="table"}).Fig. 4Schematic illustration of the interdependent relationship between the physicochemical properties of BP-based nanocomposite hydrogels and their biomedical applications. Reproduced with permission from Ref. \[[@bib78]\], copyright 2017, American Chemistry Society. Reproduced with permission from Refs. \[[@bib91]\], copyright 2018, John Wiley and Sons.Fig. 4Table 3Summary of the key attributes and biomedical applications of representative BP-based nanocomposite hydrogels.Table 3Polymer backboneMetal sourceKey attributesBiomedical applicationsReference**PEG**Ca^2+^Fast stress relaxation, Self-healingRegenerative medicaine, Bioprinting\[[@bib74]\]**Gelatin**Bioactive glassAdhesion, Robustness,Bone regeneration\[[@bib90]\]**HA**MgSiO~3~ NPspH-responsiveness, Self-healingDrug delivery\[[@bib77]\]**HA**Ag^+^Injectability, Antimicrobial propertiesWound healing\[[@bib91]\]**HA**Ca^2+^Shear-thinning, Self-healing3D printing\[[@bib78]\]**HA**Mg^2+^Injectability, OsteoinductivitiesDrug delivery, Bone regeneration\[[@bib79],[@bib82],[@bib83]\]

4.1. Drug delivery {#sec4.1}
------------------

Due to the non-covalent BP--Metal interactions, BPs function not only as a crosslinker of the hydrogels but also as the drug carrier or drug itself. Various metal ions such as magnesium ions (Mg^2+^) can regulate cellular behaviors and stimulate bone regeneration \[[@bib92], [@bib93], [@bib94], [@bib95]\]. However, the excessive and burst release of Mg^2+^ from carrier biomaterials may lead to cytotoxicity and bone loss \[[@bib96],[@bib97]\]. Zhang et al. reported an HA-BP--Mg nanocomposite hydrogel where the release rate of Mg^2+^ can be carefully controlled \[[@bib98]\]. The covalent immobilization of BP--Mg NPs within such hydrogel avoids the burst release of Mg^2+^ at the initial stages. Furthermore, the acidified microenvironment and the competitive binding between the BP and calcium ions within the body accelerate the release of Mg^2+^ in the later stages, and this helps sustain the release of Mg^2+^ over long periods at bone defect sites to enhance the osteogenesis of mesenchymal stem cells (MSCs) and *in situ* bone regeneration.

Dexamethasone (Dex) is a glucocorticoid that promotes osteogenic differentiation and is used for enhancing bone regeneration \[[@bib99], [@bib100], [@bib101]\]. However, the simultaneous delivery of these therapeutic agents together with bioactive ions using the same vehicle remains a challenge \[[@bib102]\]. Recently, Zhang et al. described a BP-based injectable nanocomposite hydrogel composed of pamidronate-magnesium (Pam--Mg) NPs for the simultaneous controlled release of Mg^2+^ and Dex ([Fig. 5](#fig5){ref-type="fig"}A) \[[@bib83]\]. The Dex phosphate (DexP), a pro-drug of Dex, was loaded in the BP-based nanocomposite hydrogels, and the phosphate--Mg interactions reduced the burst release of DexP from the hydrogel. The Mg^2+^ released from the hydrogel is expected to promote osteogenic differentiation of hMSCs and elevate alkaline phosphatase (ALP) activity \[[@bib103]\]. The expression of ALP then catalyzes the dephosphorylation of DexP, which accelerates the release of Dex at bone defect sites and further promotes osteogenesis. This positive feedback circuit not only achieved localized triggered delivery of Dex but also enhanced the bone regeneration in an animal model.Fig. 5(A) Schematic illustration of the simultaneous release of Dex and Mg^2+^ from HA -BP--Mg nanocomposite hydrogel to enhance stem cell osteogenesis. The expression of ALP catalyzes the dephosphorylation of DexP, which accelerates the release of Dex at bone defect sites. (B) i) Drug loading and ii) drug release of MgSiO~3~ NPs from the colloidal hydrogel. When the NPs are injected into the acidic microenvironment, the MgSiO~3~ NPs are released due to the protonation of BP and the disruption of chelation with Mg^2+^. Reproduced with permission from Refs. \[[@bib77]\], copyright 2016, Royal Society of Chemistry.Fig. 5

The carrier-based delivery and triggered release at the target site reduces the toxicity \[[@bib104]\]. A self-healing colloidal hydrogel based on MgSiO~3~ NPs (drug carrier) and BP-grafted polymer (HA-BP) has been described for targeted drug delivery at tumor-specific microenvironments ([Fig. 5](#fig5){ref-type="fig"}B) \[[@bib77]\]. Doxorubicin, an anti-cancer drug, was loaded in hydrogel stabilized by the coordination between BP-grafted polymer and MgSiO~3~ NPs. When the nanogel is injected into the acidic microenvironment, the MgSiO~3~ NPs are released due to the protonation of BP and the breaking of chelation with Mg^2+^ and kill human breast cancer cells (MCF-7) through cellular uptake.

4.2. Tissue regeneration {#sec4.2}
------------------------

As detailed in section [1.4](#sec1){ref-type="sec"}, the common clinical use of BPs is for treating bone diseases, especially osteoporosis, because BPs have a high affinity to calcium ion (Ca^2+^) and bone minerals \[[@bib105]\]. In addition, other BP-binding cations, such as Ag^+^, also play important roles in various biochemical processes \[[@bib79],[@bib91]\]. More importantly, with the aforementioned physicochemical properties, the BP-based nanocomposite hydrogels are suitable 3D scaffolds for regenerative medicine applications.

### 4.2.1. Biomineralization {#sec4.2.1}

Mineralization plays an important role in bone growth \[[@bib106]\]. Yang et al. reported a novel hybrid hydrogel formed simply by mixing three solutions, namely BP and hydrazide dually modified polymer solution, aldehyde-derived polymer solution and Ca^2+^ solution \[[@bib107]\]. The clusters prepared from coordination between BP and Ca^2+^ served as nuclei for further ion recruitment to promote biomineralization.

### 4.2.2. Bone regeneration {#sec4.2.2}

Smart hydrogels that can respond to external stimuli, such as light and magnetic fields, to achieve spatiotemporal control hold potential applications in cell differentiation and tissue regeneration \[[@bib108], [@bib109], [@bib110]\]. Shi et al. reported a magnetic nanocomposite hydrogel formed by Fe~3~O~4~ NPs and HA-BP. The dynamic coordination bonds between BP and Fe^3+^ on the NP surfaces functioned as reversible crosslinks which provide hydrogels with dynamic properties such as shear thinning and injectability \[[@bib81]\]. When the hydrogel was injected subcutaneously into rat, no abscesses was observed in tissues near the injection site. Furthermore, fibroblasts began migrating and proliferating inside the hydrogel. These findings suggest the Fe~3~O~4~ nanocomposite hydrogel holds great potential for tissue regeneration. Zhang et al. reported a hydrogel crosslinked by self-assembled BP--Mg NPs to study osteogenic differentiation of hMSCs ([Fig. 6](#fig6){ref-type="fig"}A). The acrylate groups on the NP surfaces can further polymerize under UV light illumination to create microenvironments with strengthened stiffness. Compared with cells in an earlier stiffened hydrogel, the delayed introduction of the strengthened stiffness enhanced cell spreading and osteogenic differentiation ([Fig. 6](#fig6){ref-type="fig"}B). These results show the structure of the hydrogels can significantly influence osteogenic differentiation and bone regeneration \[[@bib79]\].Fig. 6(A) Illustration of the fabrication of BP--Mg nanocomposite hydrogel with spatiotemporal controlled stiffness. (B) Cell response to matrix stiffening. i) fluorescence image of nuclei (blue) and F-actin (red) of hMSCs on day 16. ii) Relative gene expression of osteogenic biomarkers on day 10 and day 16. Reproduced with permission from Ref. \[[@bib79]\], copyright 2017, John Wiley and Sons.Fig. 6

The composite hydrogels containing inorganic fillers like hydroxyapatite particles \[[@bib111]\] and silicate glasses \[[@bib112]\] not only promote mechanical properties but also enhance cell differentiation and bone regenerative capacity. A nanocomposite colloidal gel was made from BP-functionalized gelatin and bioactive glass for bone defect repair \[[@bib90]\]. Vascularized bone formed abundantly inside the defect of osteoporotic rats due to the angiogenic effect of bioactive glass ([Fig. 7](#fig7){ref-type="fig"}A). In addition, the composite hydrogels demonstrate significant antiosteoporosis effect, which will further promote bone regeneration.Fig. 7(A) Representative H&E stained histological images of bone formation in i) gel, ii) BP gel, and iii) BP-Bioglass (BG) nanocomposite gel. Vascularized bone formed abundantly inside the defect of osteoporotic rats due to the angiogenic effect of bioactive glass. (B) Images of wounds after BP-Ag nanocomposite hydrogel filled into wounds defect on day 0, day 3, day 6, day 10. The BP--Ag nanocomposite hydrogel displayed antimicrobial activities to both Gram-positive and Gram-negative microorganisms due to the antibacterial properties of silver, which prevents infections in wound healing. Reproduced with permission from Ref. \[[@bib90]\], copyright 2017, John Wiley and Sons. Reproduced with permission from Refs. \[[@bib91]\], copyright 2018, John Wiley and Sons.Fig. 7

### 4.2.3. Wound healing {#sec4.2.3}

Skin damage often generates irregularly shaped full-size defects that require additional treatment \[[@bib113],[@bib114]\]. Shi et al. described a dynamically crosslinked moldable hydrogel based on silver ion (Ag^+^) and HA-BP to fill wound beds without pre-molding \[[@bib91]\]. The BP--Ag nanocomposite hydrogel displayed antimicrobial activities to both Gram-positive and Gram-negative microorganisms due to the antibacterial properties of silver, which prevents infections in wound healing. Furthermore, treatment in rat wound models shows more complete epithelium layer regeneration, a lower rate of remaining wounds, and larger blood vessel formation compared with the control group ([Fig. 7](#fig7){ref-type="fig"}B). These findings suggest the promising potential of the dynamic coordination crosslinking hydrogels for regenerative wound healing.

4.3. Other applications {#sec4.3}
-----------------------

### 4.3.1. Bioprinting {#sec4.3.1}

Hydrogel with a similar structure to extracellular matrix can be a promising form of bioink for three-dimensional bioprinting \[[@bib115]\]. However, it is difficult to maintain both the fluidity during injection and the robust mechanical properties after solidification while achieving a biocompatible environment. A recent study reported the preparation of hydrogel with both dynamic coordination and covalent crosslinks with two-step 3D bioprinting \[[@bib78]\]. First, the polymer derivatives that contain BP and acrylamide groups are mixed with CaCl~2~ solution to form composite hydrogel connected by the chelation between BP and calcium ion. The reversible interactions enable shear-thinning behavior to permit the extrusion cell-laden hydrogel from a syringe. Photopolymerization was then applied to further strengthen the printed hydrogel. Importantly, the entire fabrication process does not affect the viability of cells encapsulated in the printed hydrogel.

### 4.3.2. Adhesion {#sec4.3.2}

Nejadnik et al. tested the adhesion between the BP nanocomposite hydrogel and the mineral surface containing CaP NPs \[[@bib80]\]. The rheology showed that there is a cohesive failure mode when removing the hydrogel from the mineral coated titanium, and this suggests significant adhesion strength between the CaP NPs and BP on the hydrogel surface. Furthermore, the hydrogel adhesion on the mineral coated surface is significantly higher compared with the adhesion on the mineral-free surface, thereby demonstrating its potential applications as a bone adhesive.

5. Conclusions and perspectives {#sec5}
===============================

BP-based nanocomposite hydrogels are promising platforms to be integrated with other functional moieties for various biomedical applications. In this review, we have presented the state-of-the-art progresses in this field. The development of BPs is first summarized by classifying BPs according to the type of substituent side chains and associated physicochemical properties. We next review the different fabrication methods and the resultant properties of BP-based nanocomposite hydrogels. Finally, the diverse biomedical applications based on the unique properties of BP-based nanocomposite hydrogels are summarized. Although great achievements have been made in the development of BP-based nanocomposite hydrogels, the in-depth investigation on the material chemistry and structure and their biomedical applications remain to be further pursued. Herein, we attempt to discuss the key issues to be addressed in the evolution of BP-based nanocomposite hydrogels.1.Molecular thermodynamics and kinetics of metal--ligand coordination have been extensively studied in small molecular metal complexes. However, few studies have examined the shifts of association constants and kinetic rates in hydrated polymeric environments. It is important to investigate how the coordinating properties of BPs are affected by the properties of polymer backbones, including grafted electro-donating or electro-withdrawing side groups, acidity or alkalinity, and chain rigidity. These interactions of metal--ligand complex and polymers need to be further studied for rational design of BP-based nanocomposite hydrogels with tunable and highly dynamic properties.2.The tunable mechanical properties and highly dynamic properties of BP-based nanocomposite hydrogels are mainly contributed to the variability of metal ions and BPs. Therefore, it is of great significance to further fine tailor the structures of BPs and the composition of BP-Metal NPs to precisely manipulate the hydrogel properties (such as mechanical strength, injectability and biocompatibility).3.BP-based nanocomposite hydrogels are versatile carriers of therapeutic agents to mediate the localized delivery and regeneration-specific release. However, current studies on the design of enzyme-associated "smart" release of dephosphorylated pro-drugs are still limited to a few drug types and trigger mechanisms. By broadening scope of enzymes, pro-drugs and cells, BP-based nanocomposite hydrogels will be capable of mediating "smart" delivery of diverse therapeutic drugs *via* various responsive mechanism (positive feedback, negative feedback/on-demand release, tandem release, etc.).4.For the clinical translation of BP-based nanocomposite hydrogels, their biocompatibility should be fully evaluated via long term in vivo studies. High local concentration of metal ions and ligands, which could arise from rapid hydrogel degradation, may affect endogenous biochemical processes. Moreover, the degradation products can be released into systemic circulation and transported to distal organs. Therefore, the toxicity, biodegradation, biodistribution, clearance, and log-term fate of BP-based nanocomposite hydrogels and their degradation products have to be further investigated. The joint effort from biomaterial researchers and clinicians is required for the further development of the BP-based nanocomposite hydrogels with more unique functionalities and expanded biomedical applications.
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